Abstract. 2014 The crystallization of mixtures of P.E. fractions quenched from the melt has been studied by SAXS, WAXS and DTA. The laws of variation of the long period with the weight and number average molecular weights are given. It is shown that the long period, L, of the semi-crystalline state is given by the weight average of the end-to-end distance rw of the coils in the liquid state before quenching. For mixtures containing high molecular weight M &#x3E; M* = 105, the long chains behave like a series of segments of chains of molecular weight M* which crystallize independently. The crystallinity measured by WAXS and DTA varies with the molecular weight and its distribution as the linear crystallinity lc/L ~ lc/rw where lc is the crystalline lamella thickness and is independent of the molecular weight. The correlations emphasized in this paper between the solid and melt states of P.E. support the contention that the structure of lamellar semi-crystalline P.E. is not controlled by the phenomenon of secondary nucleation, but by the dimensions and the rigidity of the coils just before crystallization. The results reported in this paper show that the process of crystallization of short and long chains are different ; that would explain the differences observed in studies of the kinetics of crystallization, and in the morphology of the semicrystalline state when the molecular weight is increased.
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Crystallization of quenched polyethylene. Part Abstract. 2014 The crystallization of mixtures of P.E. fractions quenched from the melt has been studied by SAXS, WAXS and DTA. The laws of variation of the long period with the weight and number average molecular weights are given. It is shown that the long period, L, of the semi-crystalline state is given by the weight average of the end-to-end distance rw of the coils in the liquid state before quenching. For mixtures containing high molecular weight M &#x3E; M* = 105, the long chains behave like a series of segments of chains of molecular weight M* which crystallize independently. The crystallinity measured by WAXS and DTA varies with the molecular weight and its distribution as the linear crystallinity lc/L ~ lc/rw where lc is the crystalline lamella thickness and is independent of the molecular weight. The correlations emphasized in this paper between the solid and melt states of P.E. support the contention that the structure of lamellar semi-crystalline P.E. is not controlled by the phenomenon of secondary nucleation, but by the dimensions and the rigidity of the coils just before crystallization. The results reported in this paper show that the process of crystallization of short and long chains are different ; that would explain the differences observed in studies of the kinetics of crystallization, and in the morphology of the semicrystalline state when the molecular weight is increased.
J. Physique 43 (1982) 1. Introduction. - We have reported recently [ 1, 2, 3] the correlations existing between the solid state and the melt of polyolefines. In quenched polyethylene fractions of molecular weight M M*, the long period L varies as the end-to-end distance ro of the coils in the liquid state, and is of the same order of magnitude. Above the critical molecular weight M*, the long period does not vary. The laws of variations of L with molecular weight [2] [2] :
In the melt, when equilibrium is reached, the polymer chains are in the ideal state and the end-to-end distance of the chains is a function of the melt temperature Ti. Therefore, these relations imply that in quenched fractions the long period is a function of the melt temperature, just before crystallization. This effect has been analysed in Parts I [1] and II [2] .
In Part II, the (1) . In quenched polydispersed commercial materials, in general the long period is believed to be independent of the molecular weight and its distribution. In fact, this is not true, small differences in the long period are observed in materials presenting small differences in the molecular weight distribution [5] and important differences when the molecular weight distributions are very different [2] . Kinetic [2] . It is well known that for slow cooling rate L is not independent of the cooling rate [4, 55] . The interest of such quenching experiments is to obtain reproducible values of L correlated to the dimension of the coils just before crystallization as observed in reference [2] .
The small angle X-ray scattering of quenched mixtures were recorded at LURE with the synchrotron wavelength A = 1.9 A and a sample-counter distance of 1 m. This experimental set-up allows one to determine with accuracy the location of the maximum of the Bragg peak and the relative width A0/0 of the peak. The precision on the measurements of the Bragg long period is AL/L -10-2, and the precision on A0/0 is about 0.03. This precision can be observed in figure 1 of reference [2] .
As in Parts I and II, we are not interested in exact values of the long period but rather in variations with the different molecular weights MN and Mw. The evaluation of the long period is therefore restricted to a measurement of the maximum of the Bragg peak; background corrections were made only for high molecular weight materials presenting Bragg spacing greater than 300 A. The crystallinity was determined by two methods : wide angle X-ray scattering and differential thermal analysis. The index of crystallinity was determined by WAXS according to the arbitrary procedure given in reference [6] .
The reproducibility of the measurement is about 1 %, but the difference between this index of crystallinity and the crystallinity determined by DTA is of the order of 5 %. 3 . Results. - show no dependence of L with the molecular weight. The long periods are not given by the end-to-end distance ro of the coils. ' In the mixtures 100 K-260 K, the same trend is observed. It should be noted that, for high molecular weight, the lamellae are highly curved and that the spherulitic organization is highly deteriorated [28] . 4M,,) and the large deviation from the linear curves for the fractionated samples as given by relations (1) and (2) . The larger the polydispersity, the larger the deviation.
3.2 RELATIVE WIDTH de/9 OF THE BRAGG PEAK. - The relative width for fractionated samples is reported in figure 4 as a function of the square root of the molecular weight. Taking into account the accuracy of A0/0, the break in the curve corresponds closely to the mass M * defined in figure 2 as separating the two domains of low and high molecular weight.
For the high molecular weight 100 K-260 K, the relative width is nearly constant (Fig. le) . This fact and the relative constancy of the long period indicate that the structure of the semi-crystalline state does not depend on the molecular weight when all the chains have a molecular weight higher than M *. This fact is to be related to the independence of the growth rate with the molecular weight for high molecular weight materials [7] and to the independence of the density and surface energy with MN for materials having a number molecular weight higher than a critical value of the order of M * [8] . For (2) and Slutsker (1, 3) analysis as a function of the square root of the molecular weight. effect shows that the polydispersity decreases somewhat the regularity of the lamella structure.
The value of the relative width A0/0 = 0.8 observed here for high molecular weight fractions and mixtures is of the same order of magnitude as that for polydispersed commercial P.E. and for other semi-crystalline polymeric materials [9] . This parameter, characteristic of the solid state, will be related below to a parameter characteristic of the liquid chain just before crystallization. 4 . Discussion. - average value of the end-to-end distance of the coils in the melt. As X-ray scattering is sensitive to the mass of scattering objects, it is expected that the long period would be governed by the weight average of the endto-end distance rather than by the number average.
Consider a distribution of molecular weight f (Mx) and (oi the mass concentration of species M;. For polyethylene the end-to-end distance [32] of species M; is, in angstroms, r(M;) = 0.95 IM-i -M//2 [32] .
The weight average of the end-to-end distance is : r w is equal to the moment + 1/2 of the molecular weight distribution.
The moments (-1) and (+ 1) give the number and weight average of the molecular weight according to the following expressions :
The number average of the end-to-end distance rN is :
where ci is the number concentration of coils of species mj The polydispersity I of the mixtures will be defined as the ratio of the two molecular weights MN or M, of the fractions, the polydispersity of the fraction will not be taken into account. This simplification for calculating I will not change our conclusions.
The following [28, 48, 49] .
It is obvious that the mechanical properties depend on the number of tie molecules between adjacent crystallites; this has not been studied in P.E. fractions. However, it must be pointed out that a brittle-ductile transition appears in poly (Tetramethyl-p silphenylene) siloxane (T.M.P.S.) for high molecular weight material [7] , and we expect that a similar transition should appear in P.E. It is certain as noted by Magill that the ease with which low molecular weight fraction materials fracture supports the contention that the intercrystallite links are very few in these materials [10] .
The nearly constant long period for high molecular weight mixtures, and fractions indicates that the process of crystallization is independent of the length of chains; the chains can be separated into several segments of molecular weight M* which crystallize independently. Therefore, each portion with virtual ends having an end-to-end distance of r* = 300 A gives rise by quenching to lamellae of thickness L = r* = 300 A. In figure 5 this process is schematized, each long chain in the melt state is replaced by a A. In the case of a mixture of small and long chains the long period is given by the weight average end-to-end distance rt. The chains having an end-to-end distance r &#x3E; r W must be considered as a tie molecule connecting several adjacent crystalline lamella.
series of adjacent blobs of radius 300 A. After crystallization each blob is crossed by one crystalline lamellae. The dimension r* of the blob has no physical meaning in the melt; the segments of chain constituting the blobs interpenetrate in the melt and are in the ideal state. The reason for the appearance of this critical length r* is out of the scope of this paper ; it is to be noted that kinetic reasons should be put forward. We suggest that, if the chain crystallizes at a certain place A, (nucleation or growth) it cannot crystallize at another place B if the distance AB is smaller than r*. The distance r* can be considered as a perturbation distance around any crystallite that is to say the smallest distance from a crystallite where a second nucleus or crystallite can nucleate or grow (see paragraph 4 . 3 ).
It must be emphasized that this process of crystallization involving independent parts of the chains would explain why the rate of crystallization does not depend on the molecular weight M for values of M &#x3E; M *. This property has been observed for P.E. fraction and T.M.P.S. [7] . For Considering the equivalent mixtures where each long chain is replaced by several smaller chains of mass M *, it turns out that the weight average of the end-to-end distance rg given by equation (5) follows the variations of the long periods and moreover these two parameters are of the same order of magnitude.
The correlation between L and rW is also observed for the mixture 30 K-260 K in figure 6b.
In conclusion, for mixtures of high polydispersity having long chains with M &#x3E; M *, the long period of the quenched semi-crystalline state is given by the relation (6) : where the weight average end-to-end distance of the equivalent mixture is given by (5) .
From this relation, we obtain for monodispersed P.E. relations (1) and (2) . Therefore, relation (6) is the general law of crystallization of monodispersed and polydispersed polyethylene. In a subsequent paper we will show that this law applies for a highly polydispersed P.E. having a unimodal distribution instead of a bimodal distribution as in our mixtures.
It is to be noted that this simple law (6) We will show in a forthcoming paper that this linear law also applies for mixtures of high density and low density polyethylene. [12, 13] have suggested that the mechanism of crystallization is similar to the mechanism of phase separation in binary alloys [14] , called spinodal decomposition. This comparison is based upon the two facts : a) the intensity curve presents only one maximum (which is called improperly the Bragg peak) ; b) the intensity curves at different times of annealing have a cross-over at a value 0, of the scattering angle. The intensity increases and decreases respectively below and above this value, with the time of annealing [12, 13] .
Another important feature of the shear-induced crystallization of polymers has been given by Nogami et al. [52] . Their Cahn [14] . The X-rays scattering presents a maximum for the corresponding scattering angle 0m = 2 arc sin 2 Ami À. [4, 53] by adjusting the constants c and ql.
In [29] , can lead to a long period given by relation (10).
In conclusion, the value of the width of the SAXS [16, 19] . The intensity curves are functions of the parameters flla = ðJc/lc and B = 6/lr where 1,,, and Alr are the mean crystalline thickness and its fluctuation, and 6 the transition zone thickness.
The fit of these curves to the experimental intensity curve leads to values of the order of 0.2 for each of these two parameters.
The attractiveness of this particular model is that from the measurement of the Bragg long period L and of the width of the intensity peak, it is possible to find the true long period L, (L, = la + lr ,) as well as the average thickness of both the amorphous and crystalline phases and lc.
The calibration curves of Tsvankin [17] and Buchanan [18] relate the half width of the SAXS intensity curve A0/0, the linear crystallinity xl and the parameter x = Lt/L, to the parameter 2 x.A0/0.
In figure 7 , the relative width A0/0 has been plotted as a function of the crystallinity; curve For a paracrystalline lattice of small dispersity of the long period, the relative width of the SAXS intensity peak is equal to [24, 25] , Vainshtein [25] has shown that this relation is only valid for dispersity AL/L smaller than 0.1 that corresponds to a half width AO/O -0. 1. Therefore, it is obvious that this relationship cannot be applied to semi-crystalline polymers for which the observed values ofA0/0 are between 0.2 and 1. The lower values are obtained for solution grown crystals and for annealed samples.
Slutsker [2] , following the Tsvankin analysis, has found a linear relationship between AL/L and A0/0 for dispersity AL/L higher than 0.1 and lower than 0.5. The theoretical curve is represented in figure 8 and, in the cases where the distribution of amorphous phase is Gaussian or statistical (Zernicke and Prins distribution) the relationship is the same for 0.1 A0/0 0.5 and differs somewhat above. This is represented in figure 8 , curves. 1 and 2. The mean curve between these two curves, curve 3, is described by the relation :
Slutsker and Kuzmin [21] figure 8 , curve 4.
For monodisperse P.E., the experimental values of A0/0, by application of relation (13) lead to a constant dispersity of the long period : independent of the molecular weight.
In conclusion, theoretical analysis by the Tsvankin and Slutsker models leads to a dispersity of the long period in quenched P.E. which is about 0.45.
This conclusion obviously holds for mixtures of fractions and polydisperse P.E. because the relative width A0/0 of these materials does not vary too much from those of the fractions.
The variations of AL/L for the mixtures studied in this work, as a function of.jMN or.jMw and deduced from relation (13) are very similar to those of the fraction. Figure 4 shows the values of the dispersity AL/L for the fractionated samples. Curves 1 and 2 are obtained by application of relation (12) in which A0/0 is respectively the experimental value (1) and the theoretical value (2) deduced from the Tsvankin calibration curve (deduced from the crystallinity, see Fig. 7 ). The intermediate dashed line 3 is obtained by application of relation (13) , valid for large values of A0/0.
Finally it is worth noting that the dispersity of about 0.5, deduced from the Tsvankin and Slutsker analysis, is in agreement with the statistical evaluation of electron micrographs of low density P.E. crystallized at 100 °C (see Fig. 3 of Ref. [26] ) which lead to a value of about 0.4. Several works have shown that the broadening of the SAXS peak is merely due to the dispersity of the long period, and not to the number of coherent scattering lamellae per macro-lattice [9] . Another broadening mechanism can be considered : the presence of domains of different long period (heterogeneous system); this would lead also to a linear relation [23] A0/0 = AL/L. However, the electron microscopy contradicts the existence of such domains in quenched materials [26, 27] .
It is thus necessary to find a mechanism of crystallization which leads to a periodic lamellar system presenting a dispersity of the long period of the order of 0.5 independent of the molecular weight. We suggest in the following section that this value can be related to the dispersity of the end-to-end distance of the coils.
Remark on the homogeneity of the mixtures. - According to Roe et al. [44] and Krigbaum and Uematsu [45] , the act of crystallization places tie chains if they do occur under high tension; we think that the increase in energy due to deformation of the amorphous tie chain, slows down the crystallization of the chain containing such a segment with respect to the other chains which do not participate in more than one crystalline nucleus; therefore, for that reason, nuclei containing no tie molecules will be more numerous than those which do. This is equivalent to saying that when a nucleus (or a lamellae is formed) the adjacent nucleus can nucleate at a distance from the centre of the first lamellae of the order of the end-to-end distance r of the coils (in mixtures with M; M * ).
Nucleation at that distance r will not lead to deformation of the amorphous chains. The observation that in mixtures and in polydisperse P.E. the long period is given by the number molecular weight rather than by the weight average molecular weight can be explained in this manner since the number of tie molecules increases with the difference MW -MN. For high molecular weight materials, MN and MW &#x3E; M *, each chain must be considered as a tie molecule. It should be interesting to study the modulus of P.E. fractions and mixtures recognizing the influence of stressed tie molecules on that mechanical
property.
In this model of crystallization the dispersity of the long period would be given by the dispersity of the end-to-end distance according to the law :
The dispersity of the end-to-end distance is due to the Gaussian character of the chains and to the polydispersity of the length of the chains. a) Effect of the Gaussian character of the coils.
Let us assume that the material is monodispersed, and of molecular weight M M*. The probability w(r) of a coil having an end-to-end distance r is [32] This value, called hereafter the natural or Gaussian dispersity, is of the same order of magnitude as the experimental dispersity AL/L and likewise independent of the molecular weight. This correlation between the dispersity of the long period in the semicrystalline state and the natural dispersity of the end-to-end distance of the coils in molten monodispersed P.E., suggests that the law L -r can be derived yielding relation (15) and the relative width is related to the polydispersity I by :
In that case, the law L -fi leads to :
This dispersity will be called non Gaussian dispersity as opposed to that in equation (17) . For fractionated samples studied in this work, the polydispersity is of the order of 1.1. This leads to a dispersity AL/L = 0.16 considerably smaller than the natural dispersity, relation (17) , due to the Gaussian character of the coil. This is the reason why the effect of polydispersity in fractionated P.E. is neglected for explaining the dispersity of the long period.
In the general case of mixtures of fractionated samples and of highly polydispersed samples, the probability W (r) dr of having a coil with,, end-to-end distance in the range r to r + dr (proportional to the number concentration of coils having a end-to-end distance r) is given by relation (19) :
where f (M ) is the distribution function of the molecular weight and w(r) dr the distribution of the end-toend distance dependent on M and given by equation (16) . By equation (19) , the dispersity Ar/r can be calculated. This complicated task will not be done here because the effect of the molecular weight distribution is small in any case.
For high molecular However, in a two stage crystallization, rearrangement of the semi-crystalline structure can appear during the annealing that accompanies crystallization [11, 29] . This [33, 43, 45] but at high supercooling AT &#x3E; 20 OC, the crystallinity is a constant whose value is dependent on the molecular weight [43] and not on A T.
The quenching of a sample in water or in liquid nitrogen leads to materials with the same crystallinity. This value of the crystallinity is a characteristic parameter of the solid phase depending on the nature of the polymer [33] in the same manner as the crystalline lamellae core thickness lc [30] and the long period L analysed in this paper and in Part II. In the model of crystallization proposed by one of the authors [29] [30] [31] [36, 54] give lc values of about 150 to 170 A.
b) The product x. L for sharp fractions is constant and equal to 130 A [2] .
c) As noted by Capaccio et al. [46, 47] , the value of lc measured by X-rays is about 20 % smaller that the value measured by low frequency Raman spectroscopy. We assume that the 1, value is about 150 A. The expected linear crystallinity is then :
We have compared the linear and mass crystallinity in figures 7 and 9. In figure 7 , the comparison with the index of crystallinity measured by WAXS shows that the higher is A0/0, (the higher is the molecular weight according to figure 1), the lower the crystallinity and the greater the deviation between the two indices of crystallinity. That means that the amount of non-interlamellar amorphous phase (inter spherulitic amorphous phase) increases with the molecular weight. This is obviously relevant to the observation that the perfection of the spherulitic structure decreases with the molecular weight [28, 35, 48, 51] .
In figure 9 , figure 11 impedes the application of the method.
In figure 10 , is shown a feature which was not so well observed with regard to the long period : the critical molecular weight of ,the different mixtures, lying on the dashed line, is a linear function of the molecular weight of the smallest chains. This critical mass above which the crystallinity is constant, is found to correspond to a constant coil concentration of high molecular weight material of 10 %.
At the present time the interpretation of this feature cannot be given; it would be necessary to know the dependence of that critical mass or critical concentration with the molecular weight of the longest chains. Figures 12a and b [28, 48, 49] . This critical mass decreases somewhat when the molecular weight of the small chains in the mixture decreases, it corresponds to value of the molecular weight above which the crystallinity of quenched mixtures is constant at Z -0.5 ; d) the mass crystallinity and the linear crystallinity present the same variations with the molecular weight.
These features are simply explained by the law L -r* where r* is the weight average of the end-toend distances of the coils in the equivalent mixture before the quenching.
In this equivalent mixture the long chains of molecular weight greater than the critical mass have been replaced by chains of length M* which crystallize independently.
For small chains this law indicates that when a nucleus or a crystalline lamella is formed the next adjacent nucleus or crystalline lamella cannot be formed at a distance less than the end-to-end distance of the coils in the liquid state. This is explained by the fact that the crystallization of two adjacent nucleus or lamellae separated by a distance less than the unperturbated dimension r of the coils would lead to a highly stressed amorphous phase. It is evident that at a distance greater than r from a crystalline lamella, the movement of the chains are not hindered by the presence of that lamellae. Below that distance the movement of the chains are highly hindered. For these two reasons the end-to-end distance must be considered as a perturbation distance around a lamella, over which a new nucleus cannot nucleate, and a new crystallite cannot approach.
We have suggested that the polydispersity of the long period can be correlated to the dispersity Ar/r of the coils in the liquid state. The application of the Tsvankin and Slutsker model of a two-phase system leads to a value of the polydispersity AL/L which is independent of the molecular weight and equal to the Gaussian dispersity. This value corresponds to that measured by electron microscopy [38] . The observed effect of the polydispersity on the value of AL/L is in general small compared to the effect of the Gaussian dispersity.
For long chains, a purely kinetic effect should explain the non-dependence of the long period on the molecular weight. We have shown that the process of spinodal decomposition which applies for segregation in alloys and for crystallization of stretched polymers can apply also to isotropic polyethylene of high molecular weight. This process of crystallization would explain the presence of only one SAXS intensity peak, and the width of the intensity peak, observed in quenched mixtures.
It is clear that in mixtures of fractions and in unimodal polydisperse P.E. containing short and long chains, there is not a unique mode of crystallization for all the chains. The relation (6) suggests that the two processes proposed in this paper apply also in polydisperse materials. That would explain the presence of different types of amorphous chains observed by N.M.R. and Raman scattering [35] .
Finally, this work gives a clear definition of a tie molecule. In polydispersed P.E., every chain with a end-to-end distance greater than the weight average value r W must be considered as a tie molecule. The number of tie molecules increases with the difference MW -MN. In general, in commercial material MN -20 000 whereas M, varies from 50 000 to 4 x 106. Hence, mechanical properties must be governed by the weight average molecular weight, this is observed in cold drawing studies [46, 47] and in fracture [50] .
It has been shown that the properties of the bulk crystallized polymers are extremely dependent on the molecular weight [35] . In P.E. fractions [28, 49] and in mixtures of fractions [48] In a subsequent paper, we will show that the correlations between the solid and liquid states found in P.E. exist also in the other polymers.
